The X 1 Σ + state of MgO shows significant differences between the CCSD(T) and CCSDT results and even some significant differences between the CCSDT and CCSDTQ results.
I. INTRODUCTION
We recently studied 1 the spectra of MgO using a dynamical weighted stateaveraged complete active space self-consistent-field/internally contracted multireference configuration interaction (DW-SA-CASSCF/IC-MRCI) approach 2, 3 . To make the study of 25 electronic states practical, we only correlated the valence electrons.
As part of this study, we considered effect of core correlation on some of the properties (r e , ω e , T e , and D e ) of the two lowest states, namely, the X 1 Σ + and a 3 Π states, using the coupled cluster singles and doubles with a perturbative estimate for the triples,
i.e. CCSD(T) 4,5 approach. At the valence level, the CCSD(T) and IC-MRCI r e and ω e results for the a 3 Π state were in very good agreement, while the CCSD(T) and IC-MRCI results for the X 1 Σ + state did not agree with experiment as well as for the a state. This is consistent with the multireference character of the X 1 Σ + state, and suggests that one must go beyond the CCSD(T) approach to obtain more accurate results for the X state. We should note however, that while the CCSD(T) and IC-MRCI r e , ω e , and T e results differed, the effect of core correlation computed at the CCSD(T) level was similar to the difference between the IC-MRCI and experiment.
Thus suggesting that the CCSD(T) approach might give a good estimate for the core correlation, even though the valence results were disappointing.
Consistent with our findings on MgO, Martin and co-workers have found [6] [7] [8] that to obtain extremely accurate thermochemistry, it is often necessary to use higher levels of coupled cluster theory than CCSD(T). For example, they considered coupled cluster theory including triples and quadruples, CCSDT and CCSDTQ, and a version where the quadruples were included perturbatively, CCSDT(Q). We should note that in their study, they also found MgO X 1 Σ + to be one of the more difficult systems to describe.
In this work, we return to the X 1 Σ + and the a 3 Π states of MgO and study the effect of going beyond CCSD(T) on the properties of these two states, one of which is well described by a single configuration and the other, which is not. We consider treatments that include valence and core+valence correlation. use the aug-cc-pCVDZ, aug-cc-pCVTZ, aug-cc-pCVQZ, and aug-cc-pCV5Z sets for oxygen and the cc-pCVDZ, cc-pCVTZ, cc-pCVQZ, and cc-pCV5Z sets for Mg. We denote these basis sets as (aug)-cc-pCVnZ, where the aug is in parentheses to indicate that the diffuse functions are only added to the oxygen atom.
We test the effect of relativity using the Douglas-Kroll approximation 17, 18 . The CCSD(T) (X state) and RCCSD(T) (a state) approaches are used in conjunction 3 with aug-cc-pVTZ-DK basis sets. As we show below, the effect of relativity is very small on the properties considered in this work, and therefore most of the calculations ignore relativistic effects.
The geometries were optimized and harmonic frequencies were computed using a parabolic fit in r and 1/r. The points used in the fit are r e and r e ±0.01 or r e ±0.02Å.
Tests show that the bond lengths should be accurate to about 0.001Å and the T e values to about 1 cm −1 . While the ω e values computed using the r and 1/r agree to better than 1 cm −1 , varying the spacing between the points can lead to differences of a few cm −1 . Therefore in the tables, variations in the ω e values should be given much less weight than changes in r e and T e .
The 
III. RESULTS AND DISCUSSION
The results of the valence level treatments are summarized in Table I . The top two entries compare CCSD(T) calculations with and without relativistic corrections.
The r e values are unchanged and the T e and ω e values are hardly changed. Clearly relativistic effects make a small difference on the properties considered in this work and are therefore ignored in the rest of the calculations.
The r e and ω e values for the a 3 Π state do not strongly depend on the level of correlation treatment used. For the aug-cc-pVTZ basis set, the r e value varies by 0.002Å with correlation method, while the ω e value varies by about 3 cm −1 . Improving the basis set, reduces the r e value and increases the ω e value; the difference between the UCCSDT values in aug-cc-pVTZ and aug-cc-pV5Z basis sets are 0.011Å and 10.8 cm −1 , respectively. That is, the change with basis set is five times larger than that found for changing the level of correlation treatment. For the X 1 Σ + state, the variation with level of correlation treatment is about the same size as the vari-4 ation with basis set. That is, the X 1 Σ + state is much more sensitive to the level of correlation treatment, which is consistent with the fact that the X state is not as well described by a single configuration as the a state. Given the fact that the two states are not equally well described by a single reference, it is not surprising that the T e value is sensitive to the correlation treatment.
For the X state the CCSDT and CCSD(T) results shows some significant differences; the CCSDT has a longer bond length and smaller ω e value than does the CCSD(T). Also note the change in T e between these two methods. While difference in the r e and ω e values between the CCSDT and CCSDTQ are smaller than found between the CCSD(T) and CCSDT, the T e value show a surprisingly large effect; see the results for the aug-cc-pVTZ basis set in Table I . Given that the X state is not well described by a single configuration, it is not unexpected that the perturbative and iterative description of triples differ. However, it somewhat disappointing that the CCSDT(Q) T e values do not agree well with that obtained at the CCSDTQ level.
We further note that CCSDT(Q) suggest the quadruples increases r e by 0.002Å and decreases ω e by 10.7 cm −1 , while the CCSDTQ shows an increase of 0.001Å r e and an increase of 2.3 cm −1 in ω e .
Our highest level calculation is the CCSDT/aug-cc-pV5Z approach. For the a 3 Π state this level yields r e and ω e values are in excellent agreement with our previous results 1 using the IC-MRCI approach in conjunction with the same basis set, see Table I . The X state shows somewhat larger differences between the two methods, but CCSDT is a very large improvement over the CCSD(T) approach. The IC-MRCI T e value is actually closer to the CCSD(T) result then the CCSDT value. The CCSDTQ results in the TZ basis set suggests that the CCSD(T) is benefitting from a cancelation of errors as the inclusion of quadruples would increase the CCSDT value by more than 500 cm −1 . The CCSDT value can be improved by extrapolating 22 to the complete basis set (CBS) limit and adding on an estimate for the effect of quadruples using the aug-cc-pVTZ basis set, namely CCSDT/CBS + CCSDTQ/aug-cc-pVTZ − CCSDT/aug-cc-pVTZ, which is denoted "CBS+Q(TZ)" in the table. This estimate is compared with experiment 23 in Table I . Note that we also give the CCSDT/aug-cc-pV5Z values to show the size of the CBS extrapolation. Our best valence estimates differ from experiment.
Since we showed relativistic effects are small, the difference with experiment probably arises from core-correlation, and we therefore next consider this effect.
The results including core correlation are shown in Table II is probably underestimated using the (aug)-cc-pCVDZ basis set, but it is safe to conclude that the effect of quadruples is small. This is encouraging as it is then possible to correct high level valence treatment for core effects using lower levels of theory.
Our best valence level results show some significant differences with experiment as did our previous IC-MRCI results. This suggest that most of the difference with experiment is due to core correlation. However, the additional electrons to be correlated, means that the inclusion of triples and quadruples must be performed in smaller basis sets than for the valence treatment. This means that our best estimate will have to We add our estimates for the core correlation effects to our best estimate for the valence results to obtain our best estimates; these results are summarized in Table IV . For comparison, our valence estimates are included in the top of the table and experiment at the bottom. We first note that using the RCCSD(T) or UCCSD(T) approach to estimate the basis set incompleteness yields very similar results. In addition, using the smaller CCSDT/(aug)-cc-pCVTZ result corrected with CCSD(T)(5Z-TZ) estimate for core correlation basis set incompleteness, instead of the CCSDT/(aug)-cc-pCVQZ + CCSD(T)(5Z-QZ), makes a very small difference. This is very encouraging as the CCSDT/(aug)-cc-pCVTZ is significantly cheaper than the CCSDT/(aug)-cc-pCVQZ calculation. It is also interesting to note that just using the CCSD(T)/(aug)-cc-pCV5Z approach, without any CCSDT calculations gives a good estimate for the core correlation. That is, while the CCSD(T) approach is not sufficient for the valence description of the X state, it does give a reasonable estimate for the core effects. All of the results including a estimate for the core correlation are in reasonable agreement with experiment.
All of the results using CCSDT/CBS+Q for the valence result and the CCSDT based results for the core effect have about a 30 cm −1 error in the T e value. This increases a bit if the CCSDT/5Z+Q is used for the valence or if only the CCSD(T) approach is used from the core contribution, but all are a big improvement over the valence result. The a state r e value agrees with experiment if the CBS based result is used and slightly long if the 5Z based result is used. The 5Z based X state r e value is slightly too long while the CBS yields a r e value that is too short, but both values significantly better than the valence results. Because of the uncertainty in the ω e values, it is harder to make any definitive statements other than that all of the methods give reasonable results, and the values for the X state are an improvement on the valence results.
IV. CONCLUSIONS
The CCSD(T), CCSDT, and CCSDTQ results for the a 3 Π state are in good agreement, as expected for a state well described by a single reference configuration. For the X 1 Σ + state, which is not as well described by a single reference configuration, the CCSDT and CCSD(T) results differ. For this state, there is also a significant difference between the CCSDT and CCSDTQ. The CCSDT(Q) results differ with those obtained using the CCSDTQ. Unlike the valence treatment, it appears that there is a cancellation of errors such that the effect of core correlation is much easier to describe. Even the CCSD(T) approach gives a reasonable result for effect of core correlation. This is encouraging for composite methods of computing properties as adding core correlation can dramatically increase the cost of the calculation.
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